Using photoluminescence and infrared spectroscopy techniques, we have investigated the influence of surface molecular composition of porous silicon (PS) on the character of its photoluminescence spectra. The main absorption bands of PS in the infrared spectral range are found to be caused by hydride passivation of silicon nanocrystals, adsorption of water molecules and hydroxyl groups during the process of PS formation, as well as by the adsorption of oxygen and carbon due to oxidation of PS. Additional absorption bands found for PS-polyaniline composites are caused by oscillations of molecules that make up the structural polymer chains. The physical and chemical conditions needed for improving photoluminescence stability by means of passivating the PS surface by oxygen and polymer films are substantiated.
Introduction
Layers of nanostructured porous silicon (PS) have a wide range of unique electronic and optical properties caused by quantum size effects [1] . Discovery by Canham, in 1990, of an intense visible photoluminescence (PL) of the PS at room temperature (see, e.g., [1] ) has opened novel prospects for using silicon in active elements for optoelectronics (light emitting diodes, phosphors, optical transmission media, etc.) and brought forth fundamentally new ideas of integration based on silicon technology. An essential point limiting applications of PS in optoelectronics is its high surface sensitivity. On the one hand, this is a negative factor leading to instability of the PS in air. On the other hand, this represents also some positive factor, since one can use this material for fabrication of sensors.
A significant impact on PL of the PS comes from its developed surface (the area density of 800÷1000 m 2 /sm 3 ) which, immediately after anodisation, is extremely sensitive to adsorption of various chemical compounds. As a result of uncontrolled changes in the chemical composition of the porous layer, unpredictable changes in the optical properties of the material take place. They manifest themselves, e.g., in changes in the PL spectra of PS under conditions of air atmosphere. Relaxation processes in the luminescence of PS have been observed in many works, alongside with degradation of light emission under influence of chemical factors and long-term storage of the PS [1] [2] [3] [4] [5] . In the process of aging, the PL spectra are being transformed: the radiation intensity is reducing and the spectra themselves are shifting towards the short-wavelength range. These processes are associated with adsorption of hydrogen or Si-H x complexes (x = 1, 2, 3) which determine concentration of nonradiative recombination centres (broken bonds of silicon) [6, 7] , or with oxidation of silicon pore walls. The most important results on stabilisation of the luminescent properties of PS have been obtained using inactivation of the broken bonds of silicon, fast oxidation, and modification of electrolyte which forms the PS [8] [9] [10] . The common feature of these methods for stabilising the surface of PS is substitution of unstable complexes Si-H x (x = 1, 2, 3) with more stable Si-O ones. Moreover, comprehensive studies of molecular composition of the surface and luminescent properties of the PS should develop into establishing role of the surface in photoluminescence processes of the PS.
Experiment
The PS was formed by electrochemical anodisation of silicon in a water-ethanol solution of hydrofluoric acid. We used a experimental setup in which a silicon sample (anode) and a platinum cathode were placed into a fluoroplastic cell. The anodic current density was 25÷35 mA/cm 2 for different samples, while the duration of anodisation process was 20 min. During the anodic etching of silicon in hydrofluoric acid, formation of narrow pores takes place, which are directed inside a crystal. The pores gradually expand until the walls are partially etched. As a result, residuals of walls, or so-called quantum wires, remain. In order to study the topology of PS, we used an atomic-force microscope SZM SOLVER PRO. After anodising the PS surface had the form of vertical nanowires (cylindrical nanocrystals), with the dimensions from several nanometres to tens of nanometres in the cross section, although there happened somewhat bigger structures (100÷400 nm in the base -see Fig. 1 ). Small size of silicon crystals and large total area of their surface give rise to great sensitivity of PS layer properties to the environment. Silicon oxide passivates well the surface of PS nanocrystals, resulting in reduced nonradiative recombination. Thermal oxidation of the PS was conducted in a stream of water vapour at the temperature of 1173 K for 30 min. However, thermal annealing had led to complete quenching of the PL.
Taking into account the fact that thermal annealing of the PS at temperatures higher than 600 K leads to PL quenching, we have chosen electrochemical anodic oxidation of porous layer in a solution of H 2 O 2 in galvanostatic mode as an optimum method for oxygen passivation (the current density of 10 mA/cm 2 and the duration of 15 min). High efficiency of using H 2 O 2 for oxidation of porous layers in the water-ethanol solution of HF for the formation of PS has been noticed for the first time in the work [11] .
Another method for stabilising molecular composition of the PS surface has been passivation of the surface by a polymer transparent to both radiation and excitation quanta. A protective film of polyaniline (PAN) was deposited on the surface of porous layer by electrochemical polymerisation (see [12] ), in which the polymer was formed directly on the electrode surface (i.e., on the PS) from a monomer solution (0.1 M aniline solution in 0.5 M H 2 SO 4 ). For this aim we used a special electrochemical cell in which the working electrode served like a PS and auxiliary electrode was a platinum plate. The process of electrodeposition of the polymer on the PS surface was carried out in a cyclic potential scanning run (the rate of 80 mV/s and the range of -0.4÷1.5 V). There were 15 cycles of scanning.
Molecular composition of the PS surface and the PS-PAN structures were studied using an infrared (IR) spectroscopy. The corresponding IR spectra were measured with a spectrometer AVATAR in the 400÷4000 cm -1 range. The absorption bands were identified based on the comparison with the known literature data [4, 5, [13] [14] [15] . Studies of the PL of PS were performed in the spectral range of 500÷850 nm, using a standard optical equipment. The luminescence was excited with a pulse nitrogen laser LGI-21 (the wavelength 337 nm and the pulse duration 8 ns). The PL spectra were corrected with accounting for spectral sensitivity of our setup.
Results and discussion
The analysis of the IR spectra of PS has shown that most of the absorption bands are related to molecular complexes containing hydrogen and oxygen (see Fig. 2 ). The most marked absorption bands are those corresponding to 620 cm . In addition, the IR spectra of the PS include the bands in the regions of 1450÷1760 and 2350÷2400 cm -1 . They are related to deformation modes of Si-CH 3 and oscillations of O 3 -Si-H, respectively.
The presence of a large number of carbon compounds may be explained by both a noticeable content of ethanol in the electrolyte in the case of anodisation and adsorption of carbon due to its stay in the air. The broad absorption band in the region of 2900÷3800 cm -1 is attributed to oscillations of O-H bonds in the water molecules, which are adsorbed on the PS surface. In the same spectral region we have observed the absorption bands related to hydroxyl groups of Si-OH and molecular complexes of Si-H 2 , Si-H 3 and C-H. The anode oxidation leads to increasing intensity of the 1100 cm -1 band in the IR spectra, being an indication of increased part of the oxide in our PS samples. Moreover, some redistribution of the intensities of shoulders of certain bands and a shift of their peaks take place, thus proving transformation of composition of the porous surface layer. The absorption inside the bands characteristic for the Si-H x complexes is much weaker in comparison with that observed for the initial PS samples. The bands located in the region of 2900÷3800 cm -1 and related to the O-H bonds of adsorbed water molecules have not been observed in the IR spectra of thermally oxidised PS. Besides, the absorption band attributed to deformation oscillations of the Si-O group has been found at the frequency of 460 cm -1
. Fig. 2 . IR absorption spectrum of PS (curve 1) and the same spectra of thermally oxidised (curve 2) and anode-oxidised (curve 3) layers of the PS. Insert shows IR absorption spectrum of the PAN-PS-Si structure.
Deposition of polyaniline films on the surface of PS films causes reduction of light transmission in the IR range, which may be explained by additional light absorption by the polymer. The IR absorption spectrum of the PAN-PS-Si structure has additional absorption bands which are not observed in the IR spectrum of PS. In the 1350÷1620 cm -1 region, we have identified a set of absorption bands associated with polymer coating of the porous layer. Here the absorption line with the peak at 1353 cm -1 is associated with molecular complexes containing nitrogen, while the lines at 1428 cm -1 and 1599 cm -1 are due to oscillations of benzene ring in the PAN structure. In the region of wavelength numbers of 2800÷3000 cm -1 we have detected a number of bands that are identified as absorption at the asymmetric valence bonds of C-H x . This may be explained by passivation of the PS surface by polyaniline C-H 3 (2814 cm -1 ) and C-H 2 (2919 cm -1 ).
Investigations of the PL properties of PS samples which have been kept in the air for a long time (e.g., for several months) show a slight decrease of the PL intensity and a shift of the spectrum towards the short-wavelength region (by 15÷20 nm -see Fig. 3 ), with the total spectrum width narrowing at the expense of decreasing intensity of the long-wavelength wings. The shift of the spectral maximum in the higher-energy region may be related to oxidation of the PS surface which imposes reduced size of the nanocrystals (i.e., the appearance of quantum dots and wires). During exposition at the atmospheric conditions, the atomic composition of the sample surface has become stabilised and a part of hydride groups have been substituted by oxygen [4] . Having analysed the changes observed in the PL spectra of the layers under exposition of PS in the air for a long time, we conclude that there is a correlation between the atomic composition of the silicon nanocrystal surface and the PL properties of the latter. Similar processes (oxidation and desorption of substances from the surface of porous layer) occur due to anodic oxidation of PS in H 2 O 2 solution, though the rate of these processes is significantly higher. Oxygen passivation of the PS surface during the anodic oxi-dation results in more stable luminescent properties of the porous layers, when compared with the case of PS kept in vacuum or air (see Fig. 4) .
Passivation of the PS surface has been further improved owing to formation of Si-O-Si bonds. This is a probable cause for stabilising the visible PL of the porous layers. Similar to the case of bulk silicon, the nonradiative recombination in the PS takes place mainly through defect centres on the surface. Here the silicon atoms with broken bonds can play a part of such defects (see [7] ). A decrease observed in the PL intensity is related to changing nature of passivation of the surface. The spectral position of the PL maximum for the anode-oxidised PS layer changes with time to a lesser extent in comparison with freshly prepared samples. The influence of the adsorption of molecules on the PL spectra of PS decreases with increasing thickness of the oxide layer, which separates silicon nanocrystals and adsorbed elements. However, the anodic oxidations of the walls between the pores have not allowed reaching the required level of surface passivation and its time stability.
After deposition of polyaniline film on the PS samples obtained under different technological conditions (e.g., using bulk Si doped by both phosphorus and stibium), we have observed a weak increase in the integral PL intensity in the 550÷800 nm region, when compared with the initial samples (see Fig. 5 ). A slight increase in the PL intensity of PS is explained by better surface passivation of the porous layer using the polymer coating. In addition, the polymer coating does not change the luminescent properties of the PS. The efficiency of using the polymer films as stabilising coating is also supported by invariance of the PL spectra for the PS kept both in a special atmosphere and in the air for a long (more than 3 months) time.
Conclusions
The analyses of our combined studies for the molecular composition of the porous layer surface and its PL properties testify that the peculiarities of relaxation-degradation processes in the PS are related to the changes in chemical composition of the surface. The IR spectroscopy has detected that the PS contains hydrogen in the form of Si-H x groups, which are substituted, due to oxidation, by the oxygen-containing groups, Si-O-Si and O 3 -Si-H. Furthermore, a presence of complexes containing carbon has also been detected. The additional absorption bands observed in the PAN-PS structures under test confirm surface passivation of the polymer films. Our results demonstrate a clear possibility for surface passivation of the luminescent PS nanocrystals, using oxygen and polymer films. This can be employed for improving stability and reducing degradation of light emitting. Thin polyaniline film coating is transparent for both the exciting radiation and the one generated in the PS. Thus, this coating can be used while reducing degradation processes and protecting the PS from mechanical and atmospheric influences.
